Ototoxicity, noise overstimulation, or aging, can all produce hearing loss with similar properties, in which outer hair cells (OHCs), principally those at the high-frequency base of the cochlea, are preferentially affected. We suggest that the differential vulnerability may partly arise from 
Introduction
Sound stimuli are detected by vibrations of the stereociliary (hair) bundles on cochlear hair cells, and the electrical signals generated are then relayed via synapses onto auditory nerve terminals.
Most hearing loss is attributable to damage to the sensory cells through a variety of genetic or environmental causes. Genetic deafness arises from mutations that mainly affect hair cell function, and it accounts for about one child in 500 born profoundly deaf or becoming so before adulthood (Dror et al., 2010; Vona et al., 2015) . More than 50 different genes have presently been linked to hearing loss and, for each, protein malfunction due to a point mutation can be sufficient to cause deafness. For autosomal recessive hearing loss, the six most common causative genes, in order of frequency, are GJB2, SLC26A4, MYO15A, OTOF, CDH23 and TMC1 (Hilgert et al., 2009 ). Three of these, MYO15A (Liang et al., 1999) , CDH23 (Bork et al., 2001) , and TMC1 (Kurima et al., 2002) code for hair bundle proteins. TMC1 encodes transmembrane channel-like protein 1 (TMC1) which is thought to be a component of the mechanotransducer (MET) channel (Fettiplace, 2016; Kawashima et al., 2011) . Many of the deafness genes were first identified from human mutations, but the location and role of the corresponding proteins were subsequently explored from equivalent mutations in mice (Michalski et al., 2015) .
Hearing loss can also stem from a variety of environmental insults. These include: (i) ototoxicity as a side-effect of drugs such as aminoglycoside antibiotics (Alharazneh et al., 2011; Ryan et al., 1980) , or the chemotherapeutic agent cis-platin (Sheth et al., 2017) ; (ii) acoustic trauma evoked by loud or prolonged noise (Liberman, 2016; Liberman et al., 1978); and (iii) age-dependent deterioration, usually referred to as presbycusis (Cruickshanks et al., 1998;  M A N U S C R I P T
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4 Jayakody et al., 2018) . The distinction between genetic and environmental etiologies is not firm, as there are genetic modifiers of both presbycusis (Gates et al., 1999) and aminoglycoside ototoxicity (Cortopassi et al., 1994) . A common factor with all three forms of environmentallyinduced deafness is that they primarily target the cochlear outer hair cells (OHCs), rather than the inner hair cells (IHCs) (Fig. 1) . This selectivity towards OHCs was especially apparent after treatment with aminoglycoside antibiotics such as kanamycin, prolonged treatment with which produced OHC degeneration and substantial threshold elevation (Ryan et al., 1980) . The selective effects of kanamycin were used to conclude that OHCs are responsible for high sensitivity and sharp frequency tuning of the auditory periphery (Dallos et al., 1978; Kiang et al., 1986) , properties distinct from IHCs, which transmit the acoustic signals via synapses on auditory nerve terminals. It was later demonstrated that the unique property of OHCs to mechanically amplify the acoustic input by force generation stems from the piezoelectric protein prestin present at high density in their lateral membranes (Dallos et al., 2008; Zheng et al., 2000) .
Oscillations in OHC membrane potential elicit contraction or elongation of these cylindrical cells. OHCs and IHCs thus perform disparate roles in the cochlea, and to match this separation of function, they have distinct morphology and electrophysiological characteristics as discussed below. However, the greater susceptibility of OHCs to otoxocity or other environmental effects suggests they have unusual physiological characteristics.
A second generalization about environmental insults to the auditory system is that OHCs in the high-frequency region of the cochlea are the most vulnerable, and first to degenerate. The long coiled structure of the cochlea is arranged tonotopically, so each tone frequency has a place of maximal sensitivity along the organ. Thus, death of hair cells in the basal turn lead to highfrequency hearing loss. This tonotopic susceptibility is the case with aminoglycoside antibiotic M A N U S C R I P T
5 ototoxicity (Ryan et al., 1980) , exposure to broad-band noise (Liberman et al., 1978) and presbycusis (Cruickshanks et al., 1998) . Elderly people commonly have high-frequency hearing loss. These observations raise several related questions. Why are OHCs more vulnerable to environmental insults, and why is there a tonotopic gradient in degeneration from high-frequency to low-frequency OHCs? Because of some ambiguities in use of the terms apex and base, we shall subsequently refer to the 'base' as the high-frequency region, and the 'apex' as the lowfrequency region. Is there a common factor with all environmental assaults culminating in apoptosis of high-frequency OHCs? It should be cautioned however that there can be similar manifestations with deafness of genetic origin, especially those affecting hair cell mechanotransduction. For example, high-frequency OHCs are the first to degenerate with TMC1 mutations (Kawashima et al., 2011; Vreugde et al., 2002) .
The aim of the review is to address these questions by offering the hypothesis that intracellular Ca 2+ homeostasis may be a contributory factor making OHCs, especially those in the high-frequency region of the cochlea, most vulnerable to environmental assault (Mammano, 2011) . In the following sections, each of the factors dictating Ca 2+ distribution will be quantified and will be incorporated into a theoretical model for predicting Ca 2+ homeostasis. Important players to be considered are the mitochondria, which perform a key role in many cell functions including regulation of Ca 2+ signaling. Prolonged increase in intra-mitochondrial Ca 2+ concentration can lead to opening of the mitochondrial permeability transition pore (Morciano et al., 2015) , a critical event that culminates in cell death by apoptosis (Rizzuto et al., 2012) . This review does not address 'hidden hearing loss' which is thought to stem from the environmental effects such as noise on the synaptic function of IHCs (Liberman, 2016) . 
Calcium homeostasis in hair cells -a summary
The cytoplasmic concentration of Ca 2+ in most cells is held at ~100 nM, determined in the long term as the balance between two factors, the rates of influx and of efflux of the ion. For the hair cell, the principal routes of entry are through Ca 2+ permeable MET channels in the hair bundle (Beurg et al., 2006; Ohmori, 1985) and voltage-sensitive Ca 2+ (Cav1.3) channels around the basolateral aspect of the hair cells (Brandt et al., 2003) . IHCs possess more voltage-sensitive Ca 2+ channels in order to drive synaptic transmission onto type I afferent terminals. In adult OHCs , there may be only a few Cav1.3 channels regulating synapses onto type II afferents (Knirsch et al., 2007; Weisz et al., 2012) , but there are acetylcholine receptors, composed of Ca 2+ -permeable α9 and α10 subunits, mediating efferent action (Gomez-Casati et al., 2005) . Ca 2+ is extruded solely by a plasma membrane CaATPase. The PMCA2 isoform is highly concentrated in the hair bundle, whereas the PMCA1 isoform may be present in the cell body, especially of IHCs (Chen et al., 2012; Dumont et al., 2001) . Factors influencing the spatiotemporal distribution of free Ca 2+ are more complex, and on a short time scale, there can be cytoplasmic gradients away from the source determined by a variety of calcium buffers (Schwaller, 2010) . These buffers may be mobile proteins such as calbindin-D28k, or fixed, including immobile cytoplasmic proteins, as well as organelles like mitochondria and endoplasmic reticulum. An important distinction between the two types of buffer is that mobile buffers augment the diffusion of Ca 2+ whereas fixed buffers slow it (Zhou et al., 1993) . There is little information about the identity of the fixed buffers, though they are thought to have a low affinity for Ca 2+ . Overall, only about one percent of the Ca 2+ that enters a cell remains free.
Most is known about the mobile cytoplasmic Ca 2+ -binding proteins, which are present in significant amounts in both IHCs and OHCs. There are four major mobile Ca 2+ -binding proteins
in cochlear hair cells: calretinin, calbindin-D28k, parvalbumin-α and parvalbumin-β (also known as oncomodulin (Sakaguchi et al., 1998) ). These four are generally regarded as buffers rather than intermediates in Ca 2+ signaling pathways. All display differences between IHCs and OHCs in concentration and Ca 2+ binding properties (Schwaller, 2010) , and also vary along the cochlea (Hackney et al., 2005; Pack et al., 1995) . Calmodulin is another calcium-binding protein that is well represented in hair cells (Imamura et al., 1996; Nakazawa, 2001; Pack et al., 1995) and may aid in calcium buffering, but much of it is probably bound to immobilized target proteins, and is involved in signaling. There are also substantial amounts of calreticulin and calnexin, mainly associated with protein folding in the endoplasmic reticulum (Michalak et al., 2009 (Hackney et al., 2003; Hackney et al., 2005) . This technique demonstrates that calretinin and parvalbumin-α have the largest concentrations in IHCs, whereas oncomodulin and calbindin-D28k are most concentrated in
OHCs. All except oncomodulin have sub-millimolar concentrations and, taken together, IHCs have about one tenth the concentration of proteinaceous calcium buffers as OHCs. The OHC buffering is dominated by oncomodulin, which is present at 2 to 3 mM, increasing from the lowfrequency region to high-frequency region (Hackney et al., 2005 (Heizmann et al., 1982) , fast twitch muscles having more of the Ca 2+ binding protein than slow muscles. Fast twitch muscles in parvalbumin-α knock-out mice show prolonged contraction-relaxation cycles (Schwaller et al., 1999) . By comparison, targeted knockout of oncomodulin (Ocm -/-) in mice causes progressive cochlear dysfunction, OHC degeneration, and up to 80 dB elevation in ABR threshold (Tong et al., 2016) . A curious feature of the oncomodulin knockout is the slow development of the degeneration. Thus both morphology and function are normal at one month, and it takes three to four months for the morphology to deteriorate and function to fail.
Figure 2 near here

Routes of Ca 2+ entry
The major routes of Ca 2+ entry are via the MET channels and the voltage-sensitive Ca 2+ channels. There are two pertinent properties of the MET currents in OHCs. Firstly, the maximum current varies with tonotopically, the amplitude increasing from 1.7 nA at the apical turn to as much 7 nA at the basal turn (Johnson et al., 2011) (Fig. 2) . Secondly, under physiological conditions, in which the stereociliary bundles are exposed to endolymph, about half the channels are activated at rest irrespective of location (Fig. 2) , thus generating a standing 'silent' current. A large (silent) transducer current is therefore constantly flowing into OHCs.
The MET channels show a non-selective cation permeability, with Ca 2+ being most permeable, about 5 time more permeable than Na + (Beurg et al., 2006; Ohmori, 1985) . High speed imaging
has been used to estimate the fraction of the MET current carried by Ca 2+ as about 0.15 with bundles exposed to perilymph, and 0.002 when exposed to endolymph (Beurg et al., 2010) containing only 20 to 40 µM Ca 2+ (Gill et al., 1997) . From these observations, it is possible to estimate the maximum Ca 2+ load imposed on the OHCs as ranging from 4 pA at the cochlear low-frequency to 14 pA at the high-frequency region. Accompanying this tonotopic increase in MET current is an opposite gradient in cell size. Thus in all cochleas, the length of the OHCs decreases several-fold from low-frequency to high-frequency (Fettiplace, 2017) , causing a related decrease in electrical cell capacitance (Fig. 2) . The combined changes in cell capacitance, C m , and input resistance, R i , cause a large reduction in membrane time constant (= C m ⋅R i ), which may facilitate prestin activation at high frequencies (Johnson et al., 2011) . However, the reduction in cell size has the drawback that Ca 2+ flowing into a three-fold smaller volume evokes a larger load. This is particularly applicable to the hair bundle, the height of which decreases four-fold from low-frequency to high-frequency (Lim, 1986; Roth et al., 1992 ). There will be a much larger load of Ca 2+ entering at the tips of the stereocilia at the high-frequency compared to the low-frequency region of the cochlea.
IHCs differ in the properties of their Ca 2+ homeostasis compared to OHCs. Firstly, there is little tonotopic gradient in the MET current of IHCs and their MET current amplitude never attains that of high-frequency OHCs (Johnson et al., 2012) . Secondly, the resting open probability of the MET channels is less in IHCs than OHCs (Johnson et al., 2011; Johnson et al., 2012) , so generating a smaller standing current. The difference in resting open probability probably stems from the lower concentration of mobile calcium buffer, a consequence previously demonstrated in turtle hair cells (Ricci et al., 1998) and supported by recordings in mammalian cochlear hair cells (Corns et al., 2014) . IHCs have a tenth the Ca 2+ buffer concentration, they
have no gradient in MET current amplitude, and the tallest stereocilia have a larger diameter than those in OHC bundles (0.5 µm diameter compared to 0.2 µm), increasing the bundle volume.
However, IHCs do possess voltage-sensitive Ca 2+ channels around the basolateral membrane, but in adult animals, the peak Ca 2+ current is surprisingly small, only ~100 pA, and, at the resting potential of -60 mV, less than 5 pA will flow (Johnson et al., 2011; Johnson et al., 2012) .
Nonetheless, this Ca 2+ flux is still comparable to that produced through the MET channels, though importantly it will be diluted into a large cellular volume invariant with cochlear location.
Thus the prediction is that IHCs are likely to have fewer problems in balancing their Ca 2+ than will OHCs. An indicator of this difference is the smaller complement of CaATPase pumps in the stereociliary bundles of IHCs, as shown by the pump quantification described below. Ca 2+ influx could in theory also occur in OHCs via the nicotinic acetylcholine receptors at the base of the cell, though it seems likely these will be activated infrequently. The two major mechanisms for extruding Ca 2+ from a cell are the plasma membrane CaATPase pump (PMCA), which hydrolyzes one ATP per Ca 2+ ion expelled, and the sodium/calcium exchanger, in which three Na + ions enter in exchange for removal of one Ca 2+ ion. The sodium/calcium exchanger has a higher turnover rate and is employed to extrude Ca 2+ in many cells including vertebrate photoreceptors (Hodgkin et al., 1987; Yau et al., 1984) . In these sensory receptors, the divalent ion enters through the Ca 2+ -permeable cyclic nucleotide-gated channels and regulates steps in the G-protein-coupled transducer pathway to generate light adaptation (Luo et al., 2008) . However, there is no evidence for a sodium/calcium exchanger in cochlear hair cells, which employ only PMCA pumps for extruding Ca 2+ (Tucker et al., 1995;  M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
11 Yamoah et al., 1998) . PMCA2A is the major isoform used in mammalian hair cells (Dumont et al., 2001) , and in OHCs it occurs as the spliced PMCAw/a isoform (Hill et al., 2006) . The PMCA2 isoform is especially concentrated in the hair bundles of OHCs, and much less so in IHC bundles (Chen et al., 2012; Dumont et al., 2001) . However, there is also expression of the PMCA1 isoform in the basolateral membrane of IHCs to extrude Ca 2+ entering through the voltage-sensitive Ca 2+ channels. We do not have any estimate of the PMCA1 density. In contrast, immunolabeling for PMCA2 in electron-microscope sections of OHCs shows the pumps are concentrated in the hair bundle, and calibration of the label, using a technique similar to that applied to the Ca 2+ -binding proteins (Fig. 3) , allowed the PMCA density to be determined as ~2200/µm 2 in OHCs, but less than a tenth of that in IHCs (Chen et al., 2012) . A similarly high density of PMCA2 pumps was previously observed in frog saccular hair cells associated with a large Ca 2+ efflux from the hair bundle . Comparison of the pump density with the maximum pump rate inferred from the electrogenic current in OHCs allows the turnover rate of a single PMCA2 monomer to be estimated as 200/sec (Chen et al., 2012) , making it a very fast P-type pump isomer. Moreover, despite the apical-basal gradient in cell size and MET current, there is little difference in hair-bundle PMCA2w/a density between apical and basal OHCs. Stereocilia in the high-frequency basal bundles are a quarter the length of those at the apex, about 1.0 µm compared to 4.0 µm (Roth et al., 1992) , but possess more stereocilia per bundle, 110 compared to 85 (Beurg et al., 2006) , the net effect being fewer PMCA2 pumps per bundle. Null mutations of the Atp2b2 gene, coding for the PMCA2 pump isoform, are linked to hereditary deafness in both humans (Ficarella et al., 2007) and mice (Kozel et al., 1998; McCullough et al., 2004; Street et al., 1998) .
An indication of the importance of the pumps is the deleterious effect of PMCA2 mutations in which the pumping rate is reduced. Some mutations lead to the truncation of the protein product and disappearance of the PMCA2 from the stereocilia of mouse hair cells. In other cases, exemplified by the mouse mutants Oblivion (Spiden et al., 2008) and Tommy (Bortolozzi et al., 2010) , single amino-acid alteration cause a dominant hearing loss.
Heterozygotes showed increasing hearing impairment with age, followed by a progressive highto low-frequency degeneration of OHCs. In both mutants, the protein was correctly targeted to the plasma membrane, but the pump had a reduced capacity to clear the Ca 2+ from the stereocilia, as estimated by the decay in the divalent ion following flash photolysis of caged Ca 2+ . Ca
2+
clearance was 50 per cent slower in both Oblivion and Tommy than in wild-type (Bortolozzi et al., 2018) . These examples show that progressive hearing loss can result from an imbalance in Ca 2+ handling, and that high-frequency OHCs are more vulnerable than low-frequency ones.
The endolymph concentration of Ca 2+ , at 20 -40 µM (Bosher et al., 1978; Ikeda et al., 1987; Salt et al., 1989) , is larger than might be expected from equilibrium considerations. 
endolymph has been assayed in a number of preparations as 20 to 40 µM, but the exact concentration in the sub-tectorial space around the tip link might be higher than in the bulk endolymph . Any reduction in Ca 2+ below the physiological concentration is likely to increase the fragility of the tip link and will eventually undermine transduction. This may provide a clue as to why, both in humans (Ficarella et al., 2007; Schultz et al., 2005 ) and mice (Noben-Trauth et al., 2003; Watson et al., 2013) , PMCA2 mutations potentiate the deafness phenotype induced by co-existing mutations of cadherin-23, a component of the interciliary tip link that transmits force to the MET channel. It is envisaged that even though the tip link structure is preserved in some CDH23 mutations, nevertheless the tip links will become more mechanically brittle, or conserved Ca 2+ -binding residues will be altered by the mutations (Jaiganesh et al., 2018) . Both effects would be exacerbated by reduced endolymph [Ca 2+ ].
The contribution of mitochondria
Mitochondria are the power stations of the cell, generating ATP using the H + -dependent synthase via the respiratory electron transport chain. During operation of the respiratory chain, H + ions are translocated across the inner of the two mitochondrial membranes, thus creating a large proton gradient, and a negative membrane potential of up to −180 mV. Besides production of ATP, mitochondria, by acting as fixed Ca 2+ buffers, also play a role in Ca 2+ signaling (Babcock et al., 1997; Brini, 2003; De Stefani et al., 2016) . They rapidly take up Ca 2+ through a recently identified uniporter (Baughman et al., 2011; De Stefani et al., 2011) that allows the divalent to move down its electrochemical gradient into the electronegative matrix. They can also release the divalent ion through two exchangers, a Ca 2+ / H + exchanger and a Ca 2+ / Na + exchanger. One other pathway contributing to movement of ions and other solutes across the inner membrane is the permeability transition pore (PTP) (Bernardi et al., 2015) . This transporter behaves as non-selective, high-conductance channel, activation of which can cause swelling of the mitochondria, rupture of their outer membrane, and release of caspase co-factors such as cytochrome c into the cytoplasm as a prelude to cell death. Each of the various ion transporters can be identified physiologically by the specific compound that inhibits its activity; e.g., Ruthenium Red blocks the uniporter, cyclosporin A blocks the PTP, and FCCP dissipates the proton gradient (Babcock et al., 1997) . during cell activity can be monitored with fluorescent dyes, such as Rhod2, which is taken up by the mitochondria (Babcock et al., 1997; David et al., 1998) . Application of Rhod2 in rat OHCs showed that during hair bundle deflection, the sub-cuticular plate mitochondria accumulate Ca 2+ throughout a sustained mechanical stimulus (Fig. 4) . The uptake is abolished by dissipation of the H + gradient with FCCP, which also results in a shift in the MET channel activation curve similar to that resulting from blocking the PMCA2 pump (Beurg et al., 2010) . The layer of mitochondria below the cuticular plate effectively acts as firewall, preventing Ca 2+ that has entered via the MET channels from penetrating deeper into the soma, thereby isolating the hair bundle compartment. Their presence in OHCs (Fig 4) , coupled with the large standing and evoked MET currents in these cells, argues that Ca 2+ metabolism is different in OHCs and IHCs.
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We suggest that OHCs possess are two distinct micro-compartments with respect to Ca 2+ homeostasis, one being in the soma and the other in the stereocilia. The latter may resemble the "Ca 2+ compartment" proposed to exist in dendritic spines and associated with long-term potentiation, whereas the former is analogous to the body of the dendrite (Sabatini et al., 2002; Yuste et al., 2000) . For IHCs, the differences between these compartment may be less marked.
For both OHCs and IHCs, there is also an accumulation of mitochondria in the sub-nuclear zone in the vicinity of the synaptic apparatus.
A prolonged increase in mitochondrial Ca 2+ uptake can induce an increase in the respiratory rate and ATP production. But a pathologically large elevation in mitochondrial [Ca 2+ ] can eventually cause a drop in the inner membrane potential, and augment the production of reactive oxygen species (ROS; O 2 -), which may trigger a pathway culminating in apoptosis. This pathway is: Ca 2+ overload → ROS production → opens PTP → cytochrome C release → activation of caspase 3 → and triggering apoptosis. Brief openings of the permeability transition pore, with subsequent release of small amounts of ROS, may play an important physiological function in maintaining mitochondrial homeostasis by releasing various amounts of ROS.
However, at higher levels of ROS, prolonged PTP openings may release a burst of ROS leading to mitochondrial destruction and eventually cell death (Zorov et al., 2014) . The hypothesis that increased ROS production is a key factor in various types of sensorineural deafness is an old idea (see review by (Kamogashira et al., 2015) ), and has led to a search for antioxidant drugs that might confer some protection. A recent example in humans is that sodium thiosulfate may provide some protection from cis-platin-induced hearing loss (Brock et al., 2018) . There is also evidence that aminoglycoside toxicity is linked to ROS production driven by mitochondrial Ca handling, values used previously (Beurg et al., 2010) were assumed, with influx via the uniporter (MCU) and expulsion by a Na + /Ca 2+ exchanger (see also (Williams et al., 2013) ). Our previous model was extended by comparing low-frequency and high-frequency OHCs, and extrapolating all calculations to body temperature (37ºC), including rat and gerbil to cover a wider frequency range. Most significantly, MET current amplitudes were corrected to 37ºC using a measured Q 10 of 1.45 (Johnson et al., 2011) and the maximum PMCA2 pump rate was corrected using a Q 10 of 2.8 (Carafoli, 1991; Schatzmann et al., 1969) . For both cochlear locations, the independent variables were the Ca 2+ load through the MET channels, and the number of PMCA2 pumps. The model differs from previous ones Ricci et al., 1998; Wu et al., 1996) in that both stereocilia and cell body were simulated simultaneously and the mitochondrial layer was added. The schematic of the model is illustrated (Fig. 5A) , and the theoretical equations are given in the Appendix, along with the parameter values and their sources. Ca 2+ entering through the MET channels achieves its highest concentration at the tips of row 2 and row 3 stereocilia where the channels are located (Beurg et al., 2009) . A gradient is M A N U S C R I P T
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17 established along the stereocilia and the concentration achieved at the top of the cell increases with load, reaching ~4 µM for the largest. The Ca 2+ that has entered is transferred from the buffers to the pumps and mitochondria. With a small (7 pA) sustained load, Ca 2+ is quickly absorbed by the calcium buffers (Fig. 5, yellow . 6) , corresponding approximately to the threshold concentration at which the mitochondria start to accumulate Ca 2+ (Xu et al., 1997) , and comparing the equivalent abscissa values. For the PMCA2 density (Fig. 6B) , the somatic Ca 2+ of a basal OHC rises to 0.5 µM when the pump density is reduced to 0.65 of standard, but for an apical OHC, much greater M A N U S C R I P T
18 reduction to 0.06 of standard is required cause the same Ca 2+ elevation. The conclusion from these simulations is that high-frequency OHCs are much more vulnerable to variation in input or output factors. This accords with the effects of the Tommy and Oblivion PMCA2 mutations, in which pump rate is reduced, leading to hair cell death progressing from the basal high-frequency region. Furthermore, any reduction in mitochondrial health may cause diminished ATP production, thereby affecting the PMCA2 pumping efficiency. The results in Fig. 6 may also apply to loss of OHCs during excessive and prolonger noise stimulation; this amounts to an increase in load which will preferentially affect the high-frequency OHCs.
There are two main differences between hair cells in the low-frequency apical region compared to the high frequency basal region which underlie the greater likelihood of Ca 2+ overload in high frequency OHCs. These are: (i) the larger amplitude of the MET current and a corresponding larger Ca 2+ influx; and (ii) fewer PMCA2 pumps due to an approximately four-fold smaller bundle membrane area, which diminishes the Ca 2+ extrusion rate. These two factors will exacerbate the vulnerability to ototoxic agents and overstimulation, but it seems likely that other differences may also contribute. For example, there has been the recent interesting observation that circadian clocks also vary along the tonotopic axis, with differences in timing being evident between low-and high-frequency regions of the mouse cochlea (Park et al., 2017) . Noise exposure or other cochlear stresses may also result in opening of other Ca 2+ -permeable ion channels, such as ATP-gated P2X receptors, which have been shown to mediate adaptation to high sound levels (Housley et al., 2013) . Ca 2+ influx via P2X2 channels may further increase the susceptibility of the high frequency OHCs. Exploring the origins and consequences of the cochlear gradients in cellular properties will continue to be a fruitful area of study in the peripheral auditory system. Each stereocilium is 0.25 µm in dimeter, and the modeled cell body was 10 µm in depth.
Considering the repeating pattern of the OHC stereociliary columns, the 3-D geometry was reduced to 2-D. That is, only one slice of the hair cell including a column of stereocilia, and the cell body below the column was simulated. The dimension of the simulated cell body was 4.8×4.8×10 µm 3 (width×thickness×height). Considering this geometry, the diffusion in the stereocilia and cell body was computed in 1-D and 2-D, respectively. The diffusible space was divided into two sections along the depth (z-axis)-stereocilia (z ≥ 0), and cell body (z < 0). A layer of mitochondria was at -1> z>-5 µm. The mesh grid size was 0.1 µm in the stereocilia and between 0.2 and 1.0 µm in the cell body. The ratio of diffusible volumes was 0.8 and 0.6 in the stereocilia and soma.
Diffusion equation:
The dynamics of calcium consist of six components: 1) free calcium diffusion, binding kinetics with 2) fixed and 3) mobile buffers, 4) Ca 2+ influx through the MT channels, 5) Ca 2+ extrusion by PMCA pump combined by the leakage through the cell membrane and 6) Ca 2+ update/return by the mitochondria. The overall governing equation is
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C is the free Ca 2+ concentration and D Ca is the Ca 2+ diffusion coefficient (0.4 µm 2 /ms). The change of C due to a fixed buffer is ( ) ( )
where n C is the number of transduction channel per stereocilia, i Ca is the single channel calcium current, z is the valence of calcium ion, F is the Faraday constant, and V C is the diffusible volume of the compartment. The calcium extrusion by PMCA pump was combined by the leakage through the cell membrane following (Sala et al., 1990) .
where v max,PMCA is the maximal velocity of transportation in mol/m 2 s, A C is the area of membrane of the compartment, K PMCA is the half-maximal activation point of the PMCA pump and C 0 is the equilibrium point between the extrusion by PMCA pump and the leakage due to the Ca 2+ gradient through membrane.
Mitochondria: Based on anatomical evidence, it was assumed that the mitochondria lie in a belt, between 1 and 5 µm below the apical surface of the cell (-1> z ≥ -5 µm). This dimension of the mitochondrial belt was based on the following considerations. First, according to the observation of microscopic images (Beurg et al., 2010) , the mitochondria density is highest just below the cuticular plate, and its volume fraction ranged between 0.2 and 0.6. Second, the mitochondrial Ca 2+ transport is slower than other components of Ca 2+ dynamics, such as the PMCA pump and buffering when the Ca 2+ concentration is less than 0.5 µM (Xu et al., 1997) . Finally, considering the steep Ca 2+ gradient along the cell depth, the effect of fewer mitochondria below 5 µm from the cell top will be negligible. Therefore, adding mitochondria below this belt will have minimal effect on the simulated results (Ca 2+ uptake by mitochondria due to excessive MET current).
When Ca 2+ through the stereocilia reaches the cytosol beneath the mitochondrial belt, more realistic mitochondrial and cell body model will be necessary. The rate of cytosolic free Ca 
where κ m is the ratio of free to fixed Ca 2+ in the mitochondria and γ m is the ratio of mitochondrial volume to diffusible cytosol volume. The kinetics of the mitochondria uniporter was reported to follow second order Hill equation (Gunter et al., 2000; Nicholls, 2005) .
where v max,uni is the maximal calcium transportation rate of the uniporter in µM/ms, and K uni is the half maximal activation point in µM. The v max value of 114 µM/ms was derived from in vitro mitochondrial Ca 2+ uptake rate of 4 nmol/min per 1 mg of mitochondria protein at C = 0.5 µM. For the K uni , we chose 40 µM according to (Xu et al., 1997) . Ca 2+ extrusion from the mitochondria was governed by the first order relationship following Patterson et al. (2006) .
where v max,NCX is the maximal rate of the sodium-calcium exchanger in µM/ms, and K NCX is the half maximal activation point in µM. The parameter values are determined as follows. κ m = 2.5×10 -4 is from (Patterson et al., 2007) . According to previous observation (Beurg et al., 2010) , the ratio of mitochondria volume to total volume in the mitochondria belt is between 0.2 and 0.6.
If we take the volume fraction of 0.4, γ m = 0.4/0.6 = 0.667. The maximal extrusion rate v max,NCX of 1.81 µM/ms was chosen so that the mitochondria calcium transportation is balanced at C = 0.5 µM and C m = 0.05 µM, and K NCX = 5 µM (Patterson et al., 2007) , similar to the plasma M A N U S C R I P T
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23 membrane NCX in cardiac muscle (Hilgemann et al., 1991 Concentration 2 (mM) 4 mM (apex) 6 mM (base) (Hackney et al., 2005) dissociation coefficient 0.5 µM (Lee et al., 2000) forward binding rate Immunogold counts for four different concentrations of antigen, measurements taken for the total area or for intersection of a line drawn across the section. The calibration was used to determine the pump density in hair cell stereocilia. Modified from (Chen et al., 2012) . Results taken from (Beurg et al., 2010) . at the soma increases with larger Ca 2+ currents (i.e. load) and with smaller PMCA density.
However, high-frequency basal OHCs are much more susceptible to changes in these parameters.
In both (A) and (B), dashed lines indicate the threshold [Ca 2+ ] 0f 0.5 µM at which mitochondria will start to take up Ca 2+ (Xu et al., 1997) M A N U S C R I P T 
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